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Severa l  me ta l  panels ,  300 mm long and 70 mm wide, pin-supported 
a t  the i r  leading and t ra i l ing edges,  a r e  placed between a pa i r  of pa ra l l e l  
end- plates .  

T h e s e  two-dimensional mode l s  a r e  tes ted  i n  a low speed wind tunnel 
which provides  the max imum wind speed of 45 m / s e c .  

As has been predicted by our  theory of P a r t  I, even the thinnest  
s t e e l  panel with thickness  r a t i o  1. 33 x 
instabi l i ty  is d ivergence  only. 
quite wel l  with our  theore t ica l  r e su l t s .  

did not f lut ter .  The observed 
The measu red  d ivergence  boundary a g r e e d  

By taking off the end-plate and modifying the mode l  mountings,  
th ree-d imens iona l  pane ls  with var ious  a spec t  r a t io s  w e r e  t e s t ed  i n  the 
same wind tunnel. 
d imens iona l  pane ls ,  s imply supported at the i r  leading and t r a i l i ng  edges  
with two s ides  free. are subjected t o  a series of complicated instabi l i t ies .  

Our  exper imenta l  study revea led  that  t h r e e -  

T h e s e  instabi l i t ies  may  be classif ied into th ree  ca t egor i e s  depend- 
ing on the a spec t  r a t io  of the panels .  

P a n e l s  Instabi l i t ies  

(i) 

(ii) 

(iii ) 

The 

High a spec t  r a t io  panels 

Medium aspec t  r a t i o  
panels 

Dive r g enc e only . 
A s e r i e s  of d ivergence  shape ,  
f r o m  a half wavelength of s ine  
shape  to  S shape as the dynamic 
p r e s s u r e  is inc reased ,  followed 
by f lut ter .  

Soft standing osci l la t ions followed 
by f lut ter .  

Low aspec t  r a t io  panels 

boundaries  of these  instabi l i t ies  w e r e  exper imenta l ly  de te rmined ,  
and the c a u s e s  of these  phenomena were  revea led  by exper iment .  

Introduct ion and the Purpose  

The p r i m a r y  purpose of this study is to  exper imenta l ly  ver i fy  the 
validity of r e s u l t s  reached by the analysis  in  P a r t  I and P a r t  I1 of this  
r e p o r t  concerning the aerodynamic  e las t ic  s tabi l i ty  of the two- 
d imens iona l  panel in subsonic flow. 

T h i s  exper iment .was  r e s t r i c t e d  to  a reg ion  cons idered  t o  be uncom- 
p r e s s e d  air flow i n  a low velocity wind tunnel,  with velocity of 0 t o  
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45 m / s e c .  This  is  because the analyt ical  methods used i n  t rea t ing  the 
compressed  flow i n  P a r t  I1 a r e  the same as that used in P a r t  I, except  
f o r  the procedure  to obtain genera l ized  aerodynamics ,  s o  that the r e s u l t s  
of the analysis  re1atii.g to  the uncompressed  air flow reg ion  are  proven 
indirect ly .  
general ized aerodynamics  of the c o m p r e s s e d  flow has  a demons t r ab le  
appropr ia te  value is  evident. Th i s  c a n  be s e e n  e i the r  f r o m  the behavior  
shown in F i g u r e s  2 to 13 of P a r t  I1 o r  F i g u r e  18 of P a r t  I1 which points 
out that  the l imi t  of the d ivergence  is continuously connected when the 
axial fo rce  coefficient s = 0. 

The f a c t  that  the numer i ca l  integrat ion f o r  obtaining the 

F r o m  these  viewpoints,  uti l izing a wind tunnel of wind speed of 0 
tc 45 xx, 'sec, we carr icd ~ i i t  the experiruents  on a two-dimenqionai 
panel,  focused on the following t h r e e  points:  

( 1 )  To ve r i fy  whether  f lu t te r  takes  place,  utilizing the thinnest  

( 2 )  

( 3 )  

panel which i s  obtainable. 

p r e s s u r e )  with the theore t ica l  value.  

oscil lation, under what c i r c u m s t a n c e s  this  osci l la t ion occur s .  

To compare  the exper imenta l  d ivergence  velocity ( o r  dynamic 

To ver i fy  i f  the two-dimensional  panel produces a self-exci ted 

In the f i r s t  half of this  r e p o r t ,  the r e s u l t s  of the expe r imen t s  w e r e  
cal led " Two-Dimensional Pane l  Exper iment" .  

The second half of this  r e p o r t  d e a l s  with the "Three-Dimens iona l  
P a n e l  Experiment"  not d i r ec t ly  r e l a t ed  to the assumpt ions  contained i n  
the theore t ica l  ana lys i s .  This  was  undertaken to  supplement  the above, 
because of the cons idera t ions  to be r e l a t ed  below. 

While i t  i s  c l e a r  that  the conclusions r eached  will  not f i t  quantita- 
tively with the conclusions r e l a t ed  to  the f ini te  s p a n  two-dimensional  
panel,  can they qualitatively provide the same conclusions? Such a 
quest ion will  na tura l ly  arise. 
prec ise ly ,  f r o m  observing such  phenomena as a f lag o r  a s t r e a m e r  
which r e a c t s  t o  wind by flapping, that  the th ree -d imens iona l  m e m b r a n e  
is dynamical ly  unstable  i n  an  air c u r r e n t .  F r o m  th is  analogy, if we 
a s s u m e  that t he re  a r e  e lements  caus ing  a bas ica l ly  d i f fe ren t  type of 
aero-dynamic  e l a s t i c  instabi l i ty  phenomenon between two- and th ree -  
dimensional  panels ,  the quest ion is  what  a r e  these  e l emen t s .  We 
thought it n e c e s s a r y  to c l a r i fy  this  exper imenta l ly ,  so  we added the 
"Three-Dimensional  Pane l  Exper iment" .  

This  is because  we know, although not 
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Two-Dimensional Pane l  Exper iment  (Exper imenta l  Fac i l i ty )  

Steel  

Steel  

Steel  

Steel  

Aluminum 

(a)  Model  

300 

300 

299 

3 00 

301 

The f ive panels  used in  the experiment  w e r e  aluminum and s t e e l  
panels ,  68 mm wide and approximately 300 mm long, having the cha rac -  
t e r i s t i c s  shown in  Table I. 

Table  I 

Length (b)  
Mate r i a l  

Thickness ( h )  
(mm) 

0. 04 

0. 1 

0 .12  

0 . 2  

0. 17 

I 
~~ 

Thickness  Rat io  ( h / b )  

0 .  133 

0 . 3 3 3  

0 .401  

0 . 6 6 7  

0.564 

All t hese  model  panels w e r e ,  as shown i n  F i g u r e  1,  held between 
two 650- by 400-mm end-plates mounted pa ra l l e l  to each  other  and 
sepa ra t ed  by a 7 0 - m m  space.  
r e s t r i c t  the d isp lacement  of the panel, they w e r e  s e t  up with a gap of 
one mm between the two ends of the panel and the end-plates .  
the s a m e  conditions as i n  the assumptions of the theore t ica l  ana lys i s ,  
the leading and t ra i l ing  edges of the panels w e r e  s e t  up with about 0. 3 
mm of s p a c e ,  in  such  a way that  the bakelite plates  a r e  in the s a m e  
plane. 
o r d e r  to r e s t r i c t  the air flow through this space ,  so  a r r anged  that the 
cellophane did not r e s t r i c t  the movement of- the panels.  

In o rde r  that  the end-plates  do not 

To have 

Thincel lophane shee ts  w e r e  used to cover  the panel edges in  

A per fora ted  b r a s s  plate was placed below the panel in o r d e r  to 
r ep roduce  the conditions in the theore t ica l  supposit ions which called 
f o r  a z e r o  different ia l  in p r e s s u r e  between the top and the bot tom of 
the panel ,  before  bringing about the aerodynamic e l a s t i c  instabi l i ty  
phenomenon. 
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a- - B r a s s  P la t e ;  b- - Pulley;  c-  - Slit; d- - Panel 'Model  (length: 300 mm); 
e- - Bakelite P la t e ;  f -  - P e r f o r a t e d  P la t e ;  g- - Bakelite P l a t e  ( th ickness :  
10 mm) ;  h- -Wire ;  i--Weight;  j - -End-Pla ' t es .  

The holes of this  per fora ted  plate  w e r e  dr i l led  a t  the in t e r sec t ing  
If the opening r a t i o  i s  points of the 5 - m m  spaced rec tangular  la t t ice .  

too l a rge ,  the air on the bot tom of the panel will  no  longe r  be the s t a t i c  
a tmosphere  which is the theore t ica l  assumption.  On the o ther  hand, if 
the opening r a t io  is too small, even  fo r  a small d i sp lacemen t  of the 
panel,  the p r e s s u r e  on the bot tom of the panel wil l  change,  and i t  becomes  
non- uniform. 

Therefore ,  supposing that the allowable e r r o r  f o r  the uniformity of 
the p r e s s u r e  a t  25 m / s e c  wind speed  is 1 / 2 0  mm i n  the alcohol  column,  
we c a r r i e d  out many expe r imen t s  by varying the d i a m e t e r  of the holes  
and finally decided on 2 .5  mm as a n e c e s s a r y  m i n i m u m  d i a m e t e r  (open- 
ing ra t io  approximately 19. 6 pe rcen t ) .  

1. 5 - m m  d iame te r  s t e e l  pins w e r e  at tached to  the leading and t r a i l -  

In the pa ra l l e l  end-p la tes ,  s l i t s  2 mm wide and approximate ly  
ing edges of the panel by a ra ld i t e  o r  a ron -a lpha  ( a c r y l i c  r a p i d - d r y  
binder) .  
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20 mm long w e r e  made  a t  the posit ion corresponding to  the leading 
edge of the panel  and i n  the d i r ec t ion  of the air flow. 
a t  the leading and t ra i l ing  edges of the panel w e r e  in se r t ed  into these  
s l i t s  and holes .  

The s t e e l  pins 

I I 

In o r d e r  t o  provide a tension to the panel,  a w i r e  was put on two 
ends of the s t e e l  pins a t  the t ra i l ing  edge ( F i g u r e  l ) ,  and a weight was  
hung on the o ther  end of the w i r e  which exer ted  a f o r c e  v ia  a pulley. 

I 
I 

One r e a s o n  that  we put a s l i t  support  i n  the t ra i l ing  edge is  that ,  
by allowing a l a r g e r  d ivergence  amplitude,  we can  make  this  phenomenon 
m o r e  marked  and s o  i n c r e a s e  the accu racy  of measu r ing  the velocity of 
the d ivergence  threshold.  The  second r e a s o n  is ,  even i f  the panel model  
was  not cu t  p rec i se ly  i n  a rec tangular  shape, if the e r r o r  is v e r y  m i n o r ,  
tha t  i t  has the advantage of having an uniform su r face  s t r e s s  through the 
en t i r e  su r face .  

The en t i r e  model  was hung in  the wind tunnel measu remen t  box by 
means  of piano wires .  

(b)  Wind Tunnel 

We used the low speed wind tunnel of our  Depar tment  of Mea- 
s u r e m e n t  and Calculation fo r  this  purpose.  

The wind tunnel is a s ingle  loop flow s y s t e m  with a c r o s s  sec t ion  
of 500 by 500 mm i n  the m e a s u r e m e n t  box which is open to  the a tmos -  
phere.  

( c )  Expe r imen ta l  Resul ts :  I 

Under the s a m e  conditions as in  the theore t ica l  ana lys i s ,  we 
inc reased  the weight which appl ies  tension to  the panel, by s t eps  of 
100 g ,  and the wind speed was var ied  between z e r o  and 45 m / s e c  which 
is m a x i m u m  f o r  our  wind tunnel. The phenomena occur r ing  within 
th i s  r a n g e  w e r e  measu red .  The r e su l t  was  that  we ver i f ied that f lu t te r  
did not o c c u r  in  any panel. The validity of the conclusion of P a r t  I was 
proven,  re la t ing  to  this  point. (The  minimum thickness  of the s t e e l  
plate which we could obtain was  0.04 mm. ) 

5 



(d) Exper imenta l  Resul ts :  I1 

A t  first,  we t r i ed  the following two methods  to  m e a s u r e  the t h r e s -  
hold dynamic p r e s s u r e  of divergence.  
ing the wind speed we m e a s u r e d  the s t a r t i ng  point of the d ivergence ,  
(b)  by dec reas ing  the wind speed we m e a s u r e d  the stopping point of the 
divergence.  By comparing the da t a  f r o m  these  two methods ,  i t  was  
found that for  small values  of tension,  the r e s u l t s  of method ( a )  are 
g rea t e r  than the o the r ,  but by increas ing  the tension,  the difference 
between these two values  dec reased .  An example of this  can  be s e e n  
in F igu re  4. F u r t h e r m o r e ,  as the dynamic p r e s s u r e  of the s t a r t i ng  
point of d ivergence  was l e s s  suscept ible  to  repet i t ion in compar i son  to 
the dynamic p r e s s u r e  of the finishing point, we decided to  ut i l ize  the 
l a t t e r  value as exper imenta l  data.  

The methods were :  (a) by i n c r e a s -  

In the theoret ical  ana lys i s ,  the threshold dynamic p r e s s u r e  of the 
divergence was  obtained by neglecting the influence of the grav i ty  on the 
panel. 
neglect the influence of the grav i ty  i n  the c a s e  of small tension,  so  we 
de termined  the da t a ,  el iminating the influence of grav i ty ,  by the method 
r e f e r r e d  to in Appendix A. 

But in the thick panel exper iment ,  we found that  we could not 

The threshold dynamic p r e s s u r e  of d ivergence  de te rmined  as re la ted  
above was  plotted i n  F i g u r e s  3 to 7. 
panel w e r e  plotted by solid l i nes ,  and w e r e  i n  r a t h e r  good ag reemen t .  

The theore t ica l  values  f o r  each  

While the differences between the theore t ica l  and expe r imen ta l  
values w e r e  s m a l l ,  to a s c e r t a i n  the poss ib le  c a u s e s  of this  d i f f e rence ,  
the following th ree  c a s e s  a r e  ment ioned:  

( i )  
the thinner the plate,  the m a x i m u m  disp lacement  point tends to be 
fu r the r  back, we think that this  is caused  by air r e s i s t a n c e .  

The shape of the d ivergence  is not a n  exac t  s ine  wave. Since 
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(ii) Because of the 1 mm wide space  which was  put i n  the lef t  and 
right boards  of the panel in o r d e r  to  avoid r e s t r i c t ing  f r e e  move- 
ment  of the panel,  the dis t r ibut ion of the p r e s s u r e  in  the d i r ec t ion  
of span is not completely two dimensional .  
dif ference in p r e s s u r e  of the d ivergence  is d e c r e a s e d .  
be one of the r easons  why the m e a s u r e d  values  of the threshold  
divergence dynamic p r e s s u r e  w e r e  l a r g e r  than the theore t ica l  
values . 

Due to this s lot ,  the 
This  might  

(iii) The flow d i rec t ion  in  the tunnel changes  accord ing  to the change 
in wind speed. When we s e t  up the model  in  the wind tunnel, we 
checked that the model  is pa ra l l e l  to the flow a t  a specif ic  speed 
(about 25  m / s e c ) .  
about * 1  degree  f r o m  the air flow is believed to  have  taken  place. 

In the c a s e  of o the r  speeds ,  a d isa l ignment  of 

8 



IO0  

0 .- 
E 

a 

0 
E 
% 

120 

100 

- 
- 
- 

Divergence Region 

N- 
E 
\ 
0, 
X 

0 

I 

- 
.. 
?! 

r a 

3 
(I) 
n 

Aluminum Panel 
Thickness 0. l7mm 

Total Weight for Tension (gr )  

Figure  6. 

In o r d e r  to ver i fy  the influences s ta ted  in  ( i)  and (ii),  11 s ta t ic  p re s -  
s u r e  holes  w e r e  m a d e  i n  the half-chord of the 0. 2 mm thick s t e e l  plate ,  
and we m e a s u r e d  the p r e s s u r e  dis t r ibut ion of the divergence.  

The compar ison  of the exper imenta l  and the theoret ical  values a r e  
plotted in  F i g u r e  8. 

(e) Exper imen ta l  Resul t s :  I11 

We d iscovered  experimental ly  that when we i n c r e a s e  the p re s -  
s u r e  on the rear  half of the panel i n  the wind tunnel, the panel produces 
a self osci l la t ion of t ravel ing wave type under ve ry  l imited conditions 
of p r e s s u r e  dis t r ibut ion.  A high-speed film (64  f r a m e s / s e c )  has  shown 
that  th i s  osci l la t ion is r a t h e r  fa r  f r o m  harmonic  oscil lation. In such  a 
c a s e  with an  inc reas ing  p r e s s u r e  gradient  in the flow, i t  is notable that 
the two-dimensional  panel produces f lu t t e r .  
t h i s  osc i l la t ion  and i t s  p r e s s u r e  dis t r ibut ion a r e  shown in  F i g u r e s  9 and 10. 

The s t roboscopic  p ic ture  of 
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F i g u r e  9. F lu t t e r  Stroboscope P ic tu re  in  a Flow with P r e s s u r e  
Gradient  
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Figure  10. 

a - -Leading  E d g e ;  b - -Tra i l ing  Edge  
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T h r e e -  Dimensional P a n e l  Exper iment  

(a )  Model 

As  shown in  F i g u r e  11, we passed  a 1 . 2 - m m  outer  s t a in l e s s  
s t e e l  tube through the leading edge of the panel and attached it to the 
panel  with a n  adhesive.  A piano w i r e  was  passed  through this  s t a in l e s s  
s t e e l  tube and s t rung perpendicular  to the air flow of the wind tunnel. The  
t ra i l ing edge of the panel was ,  as in the c a s e  of two-dimensional panel,  
rol led on the 1. 5 mm d i a m e t e r  s t e e l  pin, and affixed with a n  adhesive.  
This  s teel  pin was  in se r t ed  into the 3 0 - m m  long slit supported in  the 
air flow. 
s t r i n g  which, passing ove r  a puiiey, ends in a weight which gives the 
ne c e s s a r y  tens  ion. 

The two e x t r e m e s  of the t ra i l ing  edge s t e e l  pin w e r e  t ied to  a 

Table  11. 

I 

Medium Aspect Rat io  

Small Aspect  Rat io  

L a r g e  Aspect  Rat io  

Mate r i a l  

Steel  

Aluminum 

Aluminum 

Aluminum 

Steel  

Width 
( mm) 

68 

68 

68 

68 

170 

Length 
(mm) 

299 

300 

379 

449 

298 

Thickness  
(mm) 

0. 04 

0.12 

0. 17 

0 .12  

0 .04  
~ 

As Dec t Rat io  

0.227 

0.227 

0. 179 

0. 151 

0. 570 
_~ 

An adjusting device was  s e t  up so that the space  between the two 
t ra i l ing  edge slits as we l l  as the posit ion of the leading edge piano 
w i r e  could be changed to accommodate  panels  with any d e s i r e d  a spec t  
ra t ios .  

The a spec t  r a t io  of the panels  used  f i r s t  in  the expe r imen t  w a s ,  as 
i n  the model of the two-dimensional expe r imen t ,  68  mm wide and 300 
mm long, in  o r d e r  to ge t  a d i r e c t  c o m p a r i s o n  with the two-dimensional  
experiment .  However,  as we d iscovered  exper imenta l ly  that  the phe- 
nomenon of th ree-d imens iona l  dynamic e l a s t i c  instabi l i ty  w a s  g rea t ly  
governed by the a spec t  ra t io ,  and as we followed the method of pursu-  
ing and explaining these  phenomena exper imenta l ly ,  the a spec t  r a t i o s  
of the tested panels  w e r e  chosen by deductive reasoning  f r o m  the r e s u l t s  
of the preceding exper iment .  T h e r e f o r e ,  in  o r d e r  t o  be p r e c i s e ,  a 
classi f icat ion of r e s u l t s  is shown i n  Table  11. 
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Figure  12. Three -  Dimensional  Model and Support Equipment  

Exper imenta l  Resul t s  

(a)  Medium Aspect  Rat io  Pane l  

The  r e s u l t s  of exper iments  on the med ium aspec t  r a t i o  panel 
If we gradual ly  i n c r e a s e  the air a r e  shown in  F i g u r e s  1 3  through 15. 

flow dynamic p r e s s u r e ,  f i r s t  of all a s ine  wave shape d ivergence  occur s .  
This  divergence phenomenon, unlike the c a s e  f o r  two-dimensional  panel,  
o c c u r s  not with a n  abrupt  i n c r e a s e  in the ampli tude but instead starts 
a t  a low speed and with a small ampli tude.  The  l ikely r e a s o n  f o r  this 
is that  the p r e s s u r e  difference between the upper  and lower su r face  is 
re l ieved  by going around the two ends of the panel. 
introduce a probe consis t ing of a thin piano w i r e  with a s i lk  thread  
at tached to i t s  end n e a r  the panel ends ,  we s e e  that  the flow is or iented 
in a direct ion which suppor ts  the above s ta tement .  

Actually,  i f  we 

If we fu r the r  i n c r e a s e  the dynamic p r e s s u r e ,  as the d ivergence  
oscil lation becomes  g r e a t e r  ove ra l l  ( F i g u r e s  16 and 17),  the d i f f e rence  
in p r e s s u r e  i n c r e a s e s  par t icu lar ly  in  the  t ra i l ing  edge ,  and the m a x i m u m  
amplitude of oscil lation moves  to the rear .  T o  o b s e r v e  the flow in this  
condition, t h reads  w e r e  at tached to the s u r f a c e  of the panel and photo- 
graphs  were  taken. F i g u r e  19 
shows the flow l ines  i n  the vicinity of the panel,  d r a w n  by supplement-  
ing the data obtained by observ ing  the flow with th read  probes .  

They are  shown i n  F i g u r e s  18a  and b. 
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F i g u r e  16. An Example  of Continuous Photographs of the Shape 
of the Divergence  Which Changes with the Dynamic P r e s s u r e  
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If we i n c r e a s e  the dynamic p r e s s u r e  fu r the r ,  the p a r t  n e a r  the 
f ront  edge is r a i s e d  and the panel becomes  S-shaped. This  is probably 
due to  the i n c r e a s e  of the s tagnat ion point p r e s s u r e  in the bot tom of the 
panel nea r  the leading edge and a l s o  due to the d e c r e a s e  in p r e s s u r e  of 
the eddy domain on the top of the panel. The  panel in  this condition is 
s ta t ica l ly  v e r y  unstable.  In  pa r t i cu la r ,  t h e r e  is a n  unstable  up-down 
movement  n e a r  the middle p a r t  of the panel-chord. By m e r e l y  intro-  
ducing a rod of about 2-cm d i a m e t e r  into the flow, about 20  c m  f r o m  
e i ther  the bot tom o r  the top of the panel to apply a var ia t ion i n  the 
p r e s s u r e ,  by only this fac t  the panel j umps  abrupt ly  to  t h e  lower p r e s -  
s u r e  s ide ,  and again f o r m s  a n  S-shape but inverted f r o m t h e  f o r m e r  
S-shape. This  jumping is a phenomenon similar to the Durchschlag  of 
the buckiing plate. 

(a 1 4 3 ( b )  

d4 (a 1 

F i g u r e  17. 

a - -Ai r  Flow; b- -The  f igu res  r e p r e s e n t  the o r d e r  
of increas ing  dynamic p r e s s u r e .  
t h e r e  i s  a n  abrupt  j u m p  and a f t e r  that  i t  e n t e r s  
into f lut ter .  

F r o m  3 to 4 

If we fu r the r  i nc rease  the dynamic p r e s s u r e  of the air flow, the 
panel f i r s t  j umps  to the o ther  s ide  and immedia te ly  goes into f lut ter .  
F r o m  high speed photographs (64  f r a m e s / s e c ) ,  i t  becomes  c l e a r  that  
this  oscil lation is not a harmonic  osci l la t ion but a n  osc i l la t ion  which 
s tops momentar i ly  a t  the top and bot tom max imum ampli tude points. 

If we apply dynamic p r e s s u r e  wel l  above the threshold f lu t te r  
dynamic p r e s s u r e ,  a s t r e s s  wave a p p e a r s  in  the f lu t te r  osc i l la t ion  wave. 

The  panel f lut ter  phenomenon in this  (a)  group is due to  the three-  
dimensionality of the flow, so  that i t  is a phenomenon which never  o c c u r s  
in the two-dimensional panel. It is hoped that  analyt ical  r e s e a r c h  on 
this phenomenon will be done i n  the fu ture .  

18 



F i g u r e  18. Photographs of the Flow on the Panel 
Surface in Divergence (on the Approximate 
o r d e r  of 2 - 3  in F igu re  17) 

a- - Upper Surface;  b- - Lower Surface 

F igu re  19.  

a - - A i r  Flow 

( b )  Small Aspect  Rat io  Pane l  

When we  emphas ize  th ree  dimensional i ty  by taking a small 
a s p e c t  r a t e  fo r  the panel, the likelihood that  the act ion of re l ieving the 
p r e s s u r e  of the divergence would be s t rengthened and the divergence 
phenomenon would be weakened can  be r ead i ly  s u r m i s e d  i f  we a s s u m e  
that the in te rpre ta t ion  of the exper imenta l  r e s u l t s  on (a )  group panels 
is c o r r e c t .  The  exper imenta l  r e su l t s  w e r e  plotted in F igu re  20. 

T h e  d ivergence  was  virtually unnoted, but instead an  osci l la t ion 
c lose  to  a standing p r e s s u r e  wave with uni form ampli tude appeared .  
L e t  u s  call this sof t  oscil lation. This sof t  osci l la t ion is  a wave which 

19 



produces 3 o r  4 wave lengths on the total  panel-chord and advances v e r y  
slowly i n  the d i rec t ion  of the flow. But i f  we compare  i t  with the f lut ter  
wave which comes  a f t e r  that ,  i t  is a lmos t  a standing wave. 

t 00 I- 
80 

6 0  

40 

20 

0 

Aluminum Panel 
Thickness 0.12mm 
Length 4 4 9 m m  
Width 68mm 

Region 

I I I I I I I I 
0 100 200 300 400 SO0 600 700 800 

Total Weight for Tension (9r )  

F i g u r e  20. 

Moreover ,  over  the whole chord the m a x i m u m  ampli tude of any one 
of the waves is a lmos t  a lways constant.  

If we apply a n  ex terna l  d i s turbance  to this soft  osci l la t ion wave to  
locally produce a l a r g e  amplitude , el iminat ing this ex te rna l  d i s turbance  
will  reduce the osci l la t ion which c o m e s  back to a constant  amplitude.  
Conversely,  i f  we a r t i f ic ia l ly  s top  this  sof t  osci l la t ion,  and then r e l e a s e  
the panel, the osci l la t ion then i n c r e a s e s  coming back  to  the s a m e  con- 
s tan t  amplitude. This  sugges t s  a l imi t  cycle  fo r  non-l inear  oscil lation. 

If we fu r the r  i n c r e a s e  the dynamic  p r e s s u r e  of the flow, the panels 
en te r  into f lut ter  from the i r  t ra i l ing edge.  It is in t e re s t ing  that on the 
tension v e r s u s  dynamic p r e s s u r e  d i a g r a m ,  the tension threshold cu rve  
of the soft osci l la t ion and the threshold cu rve  of the f lu t te r  a r e  r e p r e -  
sented by s t r a igh t  l ines .  

20 



( c )  L a r g e  Aspect  Rat io  P a n e l  

The above mentioned f lu t te r  phenomenon in  both (a )  and (b)  
groups has  been in fe r r ed  as being caused by t h r e e  dimensional i ty  in 
the flow which effects re l ieving of the p r e s s u r e .  
ta l ly  the validity of this  in ference ,  a la rge  a spec t  r a t i o  panel was  
tes ted .  I t  was cons idered  that in the l a rge  a spec t  r a t i o  panel the 
influence of the flow having a p r e s s u r e  rel ieving effect  is l imited to the 
vicinity of two ends of the panel,  a n d  that the g r e a t  p a r t  of the c e n t r a l  
p a r t  of the panel  is covered by the two-dimensional flow. T h e r e f o r e ,  
we in fe r r ed  that the dynamic e las t ic  instabil i ty phenomenon i n  the l a r g e  
a spec t  r a t i o  panel is a l s o  similar to the s a m e  phenomenon in  the c a s e  
of the two-dimensional  panel. This  exper iment  was  c a r r i e d  out on this 
bas i s .  

To prove exper imen-  

The  exper imenta l  r e su l t s  a r e  plotted in F i g u r e  21. 
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A s  shown in the f igure ,  only divergence was  produced and f lu t te r  
was  not observed in the range  although the max imum speed of 45 m / s e c  
(dynamic p r e s s u r e  125 kg /m2)  was  produced by the wind tunnel. The 
threshold values  of the divergence according to the theory  of the two- 
dimensional  panel w e r e  a l s o  plotted for  compar ison .  

Conclusion 

(1)  The c o r r e c t n e s s  of the theore t ica l  conclusion i n  P a r t  I that  a 
two-dimensional panel exposed to a n  uni form flow will  not produce 
f lut ter  at low Mach numbers ,  and, with r e s p e c t  to aerodynamic  e l a s t i c  
instabil i ty,  will only produce d ivergence ,  was proven f o r  Mach numbers  
M = 0 through 0. 132. 

The divergence threshold obtained theoret ical ly  in  P a r t  I is a l s o  
numer ica l ly  c o r r e c t .  

( 2 )  If t he re  is a p r e s s u r e  grad ien t  i n  the m a i n  flow i n  the d i rec t ion  
of the inc reas ing  p r e s s u r e  at the rear  half of the panel,  and, in  addition, 
i f  this was  a c a s e  within a ve ry  l imited f o r m  of the p r e s s u r e  dis t r ibut ion,  
the panel l o ses  i t s  s ta t ic  equi l ibr ium,  produces a n  oscil lation, and begins 
to f lu t te r .  

( 3 )  
dimensional  panel produces different  phenomenon depending on the 
aspec t  ra t io .  The cause  f o r  this  l i e s  not in  the inherent  e las t ic i ty  of 
the panel, but in  the three-d imens iona l  flow of the fluid. 
the cause l i e s  i n  the flow which or ig ina tes  in  the p r o c e s s  of re l iev ing  
the d i f fe rence  in  p r e s s u r e  between the top and the bot tom s u r f a c e s  of 
the panel, which accompanies  the d ivergence .  

The  aerodynamic e l a s  tic instabi l i ty  phenomenon in  the three-  

That  is to  say  

(4) 
dimensional ,  t he re  ex i s t s  instabi l i ty  in the f o r m  of sof t  osci l la t ion 
which is a s tab le  osci l la t ion c l o s e  to a s tanding wave,  and f lut ter  which 
moves in  the d i rec t ion  of the flow and whose osci l la t ion is amplified in  
the direct ion of the flow. 

In  the small a s p e c t  r a t i o  panel which is s t rongly  th ree  
9 

( 5 )  In the l a r g e  a spec t  r a t i o  panel in  which t h r e e  dimensional i ty  
is weak, divergence only is produced and f lu t te r  does  not occur .  

( 6 )  I n  the med ium aspec t  r a t io  panel  which c o m e s  in between the 
c a s e s  (4) and ( 5 ) ,  d ivergence  o c c u r s  f i r s t ,  but as the dynamic p r e s s u r e  
i n c r e a s e s ,  the f o r m  of d ivergence  b e c o m e s  S- shaped f inal ly  losing 
s t a t i c  equi l ibr ium and suddenly en ter ing  f lu t te r .  
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Appendix A 

CONSIDERATIONS ON THE INFLUENCE OF GRAVITY 
ON DIVERGENCE OSCILLATIONS 

If the gravi ta t ional  potential ,  i. e. , the posit ional potential  

/pphGZp(x)dx, G being the unity of gravi ty  
b 

0 

is introduced into (11) of P a r t  I, and w e  solve,  mainly,  the c a s e  of the 
s tab le  flow, the ampli tude of the panel osci l la t ion is eas i ly  obtained as 
follows. 
to take only AI.  ) 

(In this  c a s e  a l so ,  as the f i r s t  mode  p reva i l s ,  we are  going 

R R 
4aX - (81 t 9 s )  X - R33 t R13 A1 = -  
T75 {(l t s )  X t REI ((81 t 9s)  X t R E /  t (R13) R 2  

where  

R R 
H e r e  a l s o ,  i f  we numer ica l ly  consider  R33 >> R13, we obtain 

- - -- lT5 ( 1 t  s)- 

Now, if we subst i tute  

1 
. ,-- 2 2 

- p,UZb3 
l / X  =- 

lT4 D 

we obtain,  f inal ly  a re la t ion  between the osci l la t ion ampli tude and 
dynamic  p r e s s u r e  as 
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4a 1 
A1 =-  

Tr5 ( 1  -t x) - 2 . 4 2 4 7 2  

If we plot the var ia t ion i n  the ampli tude of osci l la t ion A1 re la t ive  to  
the dynamic p r e s s u r e  1/2p,U2, we obtain the cu rve  in  F i g u r e  A l .  

Figure  A1 F i g u r e  A2 

The dynamic p r e s s u r e  qcr  a t  which the ampli tude A1 d ive rges  infi- 
nitely a g r e e s  with divergence threshold speed  i n  the c a s e  when the 
influence of g rav i ty  is  neglected,  but i t  does  not d iverge  abrupt ly  as in  
theoret ical  values  ( F i g u r e  A2, dashed curve) .  Instead,  i t  gradual ly  
d ive rges  hyperbolically.  The re fo re ,  i n  o r d e r  to  r e a d  q c r  exper imen-  
tally with high prec is ion ,  we need to  give i t  a cons idera t ion  m o r e  com- 
patible with rea l i ty .  

In the panel  model  uti l ized in our  expe r imen t ,  the t ra i l ing  edge is 
bound in a s l i t  with a finite length; t he re fo re ,  A1 cannot i n c r e a s e  inde- 
finitely,  even af te r  d ivergence ,  and i t  becomes  a cons tan t  ( F i g u r e  A2: 
l ine ab) .  In the c a s e  of dynamic p r e s s u r e  above the d ive rgence  th re s -  
hold, l e t  u s  cons ider  a c a s e  when the panel changes  somehow to the 
posit ive side of the osci l la t ion ( k b ' ) .  
p r e s s u r e  f r o m  this si tuation, the ampli tude of the panel changes through 
the curve  b 'cd.  
init ial  position f r o m  the s i tuat ion i n  which it is l i f ted aga ins t  g rav i ty ,  
the amplitude d e c r e a s e s  to negative ( i n  this  d i rec t ion)  a t  the dynamic  
p r e s s u r e  point qcr  t Aq,  a f t e r  which i t  p a s s e s  through the c u r v e  dai .  

If we d e c r e a s e  the un i fo rm flow 

That is to say ,  when the d ivergence  c o m e s  back to the 
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Aq is the i n c r e a s e  in dynamic p r e s s u r e  threshold which is caused  by 
the gravi ta t ional  influence on the panel. 

In o r d e r  to m e a s u r e  experimental ly  the theore t ica l  value of qc r ,  
which was  calculated by neglecting the influence of the gravi ty ,  as we 
c a n  see f r o m  the above cons idera t ions ,  let u s  first make  the panel 
d iverge  to the lower s ide  by applying sufficiently l a r g e  dynamic p r e s -  
s u r e .  Then, by dec reas ing  the dynamic p r e s s u r e  gradual ly ,  we should 
r e a d  the dynamic p r e s s u r e  a t  the exac t  moment  when the ampli tude of 
the panel p a s s e s  through point a of the figure.  

. 

The a r r o w s  in  the f igures  point to the d i rec t ion  in  which the pheno- 
menon proceeds .  
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13. ABSTRACT 
Several  meta l  panels, 300 mm long and 70 mm wide, pin-supported a t  their  

leading and trail ing edges,  a r e  placed between a pair  of parallel  end-plates, 

These two-dimensional models a r e  tested in a low speed wind tunnel which 
provides the maximum wind speed of 45 m/sec .  

As has been predicted by our theory of P a r t  I, even the thinnest s tee l  panel 

The measured divergence boundary agreed quite well with our 
with thickness ratio 1. 33 x 
divergence only. 
theoretical  resu l t s .  

did not flutter. The observed instability is 

By taking off the end-plate and modifying the model mountings, th ree  
dimensional panels with various aspect  ratios were  tested in the same wind 
tunnel. Our experimental study revealed that three-dimensional. panels, simply 
supported a t  their  leading and trail ing edges with two sides f r ee ,  a r e  subjected 
to a s e r i e s  of complicated instabilities. 

These instabil i t ies may be classified into three-categories depending on the 
aspect  ra t io  of the panels. 
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13. Ab s t r ac  t (Concluded) 

Pane l s  Ins tab i l i t i es  

(i) High aspec t  r a t io  pane ls  Divergence only. 

(ii) Medium aspec t  ra t io  panels  A s e r i e s  of divergence shape, 
f r o m  a half wavelength of sine 
shape to  S-shape as the dynamic 
p r e s s u r e  is  inc reased ,  followed 
by flutter.  

(iii) Low aspec t  ra t io  panels  Soft standing osci l la t ions followed 
by flutter.  

The  boundaries  of t hese  ins tab i l i t i es  w e r e  experimental ly  determined.  The  
c a u s e s  of these  phenomena w e r e  revea led  by experiment.  
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